Vacuolar type ATPases have been found on various endomem branes o f eukaryotic cells, e.g. lysosomes, chromaffin granules, vesicles derived from the G olgi apparatus, endosom es and vacuoles. Although this ATPase type is targeted to different compartments in one cell, only one gene for each subunit had been found per genome.
Introduction
Ion pum ping A T Pases/A T P synthases, especial ly proton-pum ping A TPases, play a central role in bioenergetics. Their im portance is evident from the fact no know n life form exists w ithout them . Based on inhibitors and subunit com positions these tran sp o rt ATPases have been divided into three categories: P(or E 1 E 2 )-, F (or F ,F 0)-, and V(or vacuolar)-type A TPases.
P-type A TPases are characterized by their sensi tivity to v anadate and the form ation o f an acyl phosphate interm ediate during A T P hydrolysis.
F-type A TPases are inhibited by oligom ycin, venturicidin and azide. T heir physiological func tion is A T P synthesis in m ito ch o n d ria an d ch lo ro plasts and the energization o f the plasm a m em brane in eubacteria. F-A T Pases are m ulti subunit enzymes. They can be dissociated into a w ater-sol uble, A TP-hydrolyzing F, p a rt and a m em brane com ponent (F 0) involved in H + translocation. The subunit com position o f the F, p art is a 3ß3Y15 1e 1. T he m olecular masses o f a and ß are ab o u t 5 0 -6 0 kD a, the y is ab o u t 3 0 -3 6 kD a and the S and e subunits are below 20 kD a (for further dis cussion see [1] an d [2] ).
V -type A T Pases are inhibited by nitrate, but in sensitive to v anadate, azide and oligomycin [3] . T hey are found in the vacuolar m em brane o f plants [4] , lysosom es [5] , endosom es [6] , clathrin coated vesicles [7] , secretory granules [8] , Golgi vesicles [9 -1 1 ] , and the plasm a m em brane o f some specialized anim al cells [12] [13] [14] , Like the F-A T Pases they can be dissociated into a w atersoluble an d a m em brane po rtio n [15, 16] . T heir function is the acidification o f the interior o f the organelles, coupling the hydrolysis o f A TP to the tran slo catio n o f protons. In addition to several single copy subunits the w ater-soluble p art con tains three copies each o f the two m ajor polypep tides [17] , a catalytic subunit o f ab o u t 70 kD a binding the A T P th a t is hydrolyzed during the c a t alytic cycle [18] and a noncatalytic subunit o f a b o u t 60 k D a in size. These two subunits have been show n to be hom ologous to the beta and alpha subunits o f the F-A T Pases respectively [19, 20] , It has n o t only been show n th a t the catalytic and noncatalytic subunits o f A TPases present in archaebacteria are m ore sim ilar to the c o rre sp o n d ing V-type A TPase subunits th an they are to F-type ones but also th at the catalytic (ß and 70 k D a) an d noncatalytic (a and 60 k D a) subunits are hom ologous to each other. These tw o subunit types (catalytic and noncatalytic) presum ably arose by gene duplication before the divergence o f archaebacteria, eubacteria and eukaryotes [20, 21] .
E xtending the use o f p ro to n -p u m p in g A T Pases as m olecular m arkers for the evolution o f o rg an isms to the evolution o f early land plants, we pres ent d ata on two early branching land plan ts Psilotw n an d Equisetum. Em ploying two oligonucleo tide prim ers directed to p a rt o f the core region o f the catalytic subunit o f the V-type A T Pase from Psilotum and Equisetum, we were able to d e m o n strate th a t this subunit is encoded by at least two different genes in these plants. Im plications for the evolution o f the V-type A T Pase in early land p lants are discussed.
Materials and Methods
All chem icals are from P harm acia, B R L and M erck. [a-35S]dATP (specific activity 1000 [iCi/ m m ol) from D U P O N T N E N P roducts. P lant m a terial (Psilotum nudum and Equisetum arvense) was obtained from the U niversity o f C onnecticut Bio logical Sciences greenhouse.
Isolation o f genomic plant D N A
4 g o f fresh p lan t tissue were g round in a p re cooled m o rta r in the presence o f liquid nitrogen. 10 ml o f extraction buffer (100 m M T ris-H C l, pH = 8; 100 m M E D T A ; 250 m M N aC l and 100 ng/m l P roteinase K ) was added, incu b ated at 65 °C for 2 h and the cell debris was rem oved by centrifugation at 10,000 x g for 15 min. T he su p er n a ta n t was extracted once w ith phenol an d once w ith chloroform , 100 |il/m l ethidium brom ide (10 m g/m l) was added, the solution was adjusted to a density o f 1.55 g/ml w ith CsCl an d spun to equilibrium in a VTi 65. 
Sequencing o f P C R am plified D N A
A fter 12 h o f soaking, w hen sufficient D N A had diffused o ut o f the agarose, 1 jj.1 o f the solution was used for a second PC R . The conditions for the reaction were the same as described above, but only 25 cycles were run w ith a rise in the annealing tem perature to 65 °C and a reduction in the poly m erization tim e at 72 °C to 1 min. 40 (il out o f a 50 (j.1 reaction were loaded on a 0.8% agarose gel an run for 2 h w ith 10 V/cm. The band was local ized under U V light and a scalpel used to m ake an incision in the gel, directly in front of the band. T he nucleotide sequence was determ ined using the T7Sequencing K it (Pharm acia LK B Biotech nology) and [a-35S]dATP (1000 |iC i/m m ol). The prim ers used for sequencing were tw o sh o rter ver sions (18 bp) o f the PC R prim ers, lacking the re d u n d a n t region (Fig. 1) . A nnealing o f the prim ers to the tem plate was achieved by d en atu rin g 11.5 (il o f the purified double stranded D N A at 95 °C for 3 min in the presence o f 2 (il annealing buffer and 0.5 |il (50 pm ol) o f the prim er and im m ediate freezing in an eth a n o l/d ry ice bath. A fter thaw ing at room tem p eratu re the sequencing procedure was continued as described in the kit m anual. The sam ples were electrophoresed in a 8% denaturing polyacrylam ide gel containing 8 m urea and analyzed by a u to rad io g rap h y . U sing the left and right P C R prim er for sequencing the nucleotide se quence o f the am plified D N A fragm ents could be obtained from b oth directions w ithout any sub cloning. 
Results
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RIGHT PRIMER seq. and Equisetum arvense yielded tw o fragm ents o f different size term ed sm all (S) an d large (L) for each species. Both small fragm ents have the same length (252 bp including prim ers), the large frag m ents being 294 bp an d 276 bp long in Psilotum and Equisetum respectively. U sing the shorter versions o f the P C R prim ers (Fig. 1 ) the sequence o f the large an d sm all frag m ents was determ ined from b oth directions result ing in a 80% overlap in the nucleotide sequence read from the au to rad io g rap h ed gels.
B oth fragm ents, the large and sm all ones, exhib ited a 156 bp coding region w hich is in terru p ted by an in tro n close to 5' end o f the sequence. T he long est intervening sequence is 138 bp in Psilotum , the corresponding Equisetum in tro n being only 120 bp long. Both introns present in the sm all fragm ents are 96 bp in length (Fig. 2) .
A n alignm ent o f the sequences depicted in (Fig. 4) . The highest degree o f sim ilarity is found betw een the large and small Psilotum fragm ent (95% ). Both Psilotum fragm ents show an equal hom ology in the coding region to the sm all Equise tum fragm ent but are lesser related to the large Equisetum fragm ent (87% ). F u rth erm o re, the sim ilarity betw een the coding regions o f the Equisetum fragm ents them selves is only 86% . As expected from phylogeny the coding regions from the plant species are a b o u t 65% and 45% identical to the corresponding sequences in Neurospora crassa (20) and M ethanococeus thermolithotrophieus (18) , respectively.
The divergence betw een the two fragm ents o f Psilotum and the small fragm ent o f Equisetum is m ainly derived from a change in the third codon positions (Fig. 4) . In contrast, the change o f n u cleotides betw een the two Equisetum fragm ents is equally distributed, being 86% , 86% and 85% for the first, second and third codon position respec tively.
Looking at the in tro n sequences, the highest de gree o f sim ilarity (80% ) is found between the two small fragm ents. T he Equisetum fragm ents are 76% identical in their introns, in co n trast the Psi lotum fragm ents are only 56% identical. In ad d i tion, the sim ilarity betw een the small fragm ent o f Psilotum and the large Equisetum fragm ents is sig nificantly higher (71% ) than the large fragm ents com pared together (59% ).
W hereas in the case o f the exons the alignm ent is aided by the encoded am ino acid sequence, the alignm ent o f the in tro n sequences is m ore am bigu ous. In o rd er to test w hether the in tron regions in deed show m ore sim ilarity than expected from two ran d o m sequences th a t are aligned using gaps, we analyzed pairwise com parisons o f the in tron se quences (T able I). T he results clearly dem onstrate the hom ology betw een the in tro n s o f the small fragm ents and the hom ology o f the in tro n s in the sm all fragm ent to the in tro n in the large fragm ent from Equisetum. H ow ever, this analysis fails to d e tect any significant sim ilarity betw een the in tro n in the large Psilotum fragm ent an d the o ther three in tron sequences. T he high degree o f sim ilarity between the coding regions as well as the intervening sequences be tween the tw o copies in each species (see Fig. 4 ) suggests th a t for some tim e after the split o f the two lines giving rise to Equisetum and Psilotum oc curred gene conversion m echanism s were acting to keep the tw o copies w ithin each species similar.
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Fig. 3. Alignm ent o f the sequences o f the large (L) and small (S) fragments from
Both Psilotum genes are highly conserved in the coding region at the nucleotide level, changes in the sequence being m ainly due to substitutions in the third codon position, which results in only one altered am ino acid on the protein level. This sug gest either a recent gene conversion event or an ev-olutionary pressure acting on b o th copies o f the gene (m eaning th at b o th genes are translated). The latter explanation is fu rth er su p p o rted by the fact th a t the intervening sequence, th o u g h conserved, shows a m uch lower degree o f identity, thus co n tradicting a recent gene conversion event th at w ould have acted on b o th exon as well as intron sequences and su p p o rtin g the hypothesis th a t both gene copies are transcribed and u n d er selective pressure in Psilotum.
In co n trast, the two am plified coding regions o f the Equisetum genes show a lesser conservation with no preferred codon position for the change o f nucleotides. T aking in to acco u n t the high se quence sim ilarity betw een the tw o sm all fragm ents (94% and 80% in the coding region an d the intron respectively) one ex p lan atio n w ould be th a t the large gene o f Equisetum is not u n d er im m anent evolutionary pressure (n o t transcribed?) and the divergence to the gene w ith the sm aller in tro n is therefore higher as co m p ared to the Psilotum coding region.
So far, all sequences o f the catalytic subunit o f V-type A T Pases derived from fungal genom ic D N A ( Neurospora crassa, Saccharom yces cerevisiae) have revealed only a single copy o f the gene [16, 22, 24, 25] , T herefore using the phylogenetic tree o f the catalytic su b u n it o f the V -type A TPase [21] a gene duplication o f the ancestral catalytic subunit can be p inpointed after the sep aratio n o f the fungi from the eu k ary o tic bran ch but before the appearance o f early land plan ts like Psilotum.
The location o f the in tro n s in identical positions o f the gene testifies to the hom ology o f the introns themselves (i.e. an in tro n was already present in the ancestral gene). H ow ever, the degree o f sim i larity betw een the in tro n s in the sm all fragm ents from Psilotum and E quisetum com es as a surprise. E quisetatae are well docum ented in the fossil record since the late D evonian; suggesting th a t the ancestor o f the tw o introns in the small fragm ents dates back at least 300 m illion years. As the E qui setatae are not likely to have evolved directly from the Psilotum ancestor but from an older ancestral species [26] , these two introns probably evolved in separate species since m ore th an 400 m illion years ago. A non-functional sequence th at is n ot under selection pressure w ould be expected to be nearly random ized over these evolutionary distances. A s sum ing a substitution rate o f 3.3 per nucleotide and per 109 years (a value th a t is typical for pseu dogenes, introns and fourfold degenerate sites [27] ) and using Jukes and C a n to r's m odel [28] only a b o u t 30% o f the positions are expected to be identical (for random sequences w ithout in tro d u c tion o f gaps a m ean o f 25% identical residues is ex pected). The observed, unexpected sim ilarity o f the intron sequences suggests th a t either p arts o f the genom e experience m uch lower nucleotide substi tution rates th a n previously observed, or it indi cates the presence o f functional constrains on the intron sequence. However, following the latter in dication, and using the algorithm described in [29] , we were not able to detect sim ilarities in the predicted secondary structures for these intron sequences.
Clearly, the availability o f m ore sequences o f this (and other) introns will provide fu rth er insight into the evolution o f V-type A TPases and into the evolution and function o f introns. Intervening se quences will be a valuable tool in studying the evo lution w ithin the plant kingdom , especially, since the coding regions for this protein do n ot seem suf ficiently different to evaluate the phylogenetic re lationship o f m ore closely related species.
